This paper presents sample control system designs for the three-dimensional benchmark structural control problem for seismically excited highway bridge. Three types of sample control systems, namely nonlinear viscous dampers, ideal hydraulic actuators and magnetorheological (MR) fluid dampers, are designed and presented for comparison by participants in the study. For each of the three sample control system, a total of 16 control devices are considered to be placed orthogonally between the deck-ends and abutments for the reduction of earthquake induced vibrations of the highway bridge. An H 2 /LQG control algorithm is selected for the active case and a clipped optimal control algorithm is chosen for the semi-active case.
for comparison by participants in the study. For each of the three sample control system, a total of 16 control devices are considered to be placed orthogonally between the deck-ends and abutments for the reduction of earthquake induced vibrations of the highway bridge. An H 2 /LQG control algorithm is selected for the active case and a clipped optimal control algorithm is chosen for the semi-active case.
To facilitate the controller design, an eigenmode reduction method is used to reduce the number of degrees of freedom of the initially elastic model to obtain a reduced-order model. However, the evaluation model to simulate the performance of control strategies is the full-order nonlinear finite element model. A Kalman filter is used to estimate states of the reduced-order model required for the applications of controllers for both active and semi-active controllers using selected acceleration and displacement measurements. The modeling and sample control system designs presented in this paper are for illustration purposes only, and are not intended to be competitive.
Participants of this benchmark study are expected to employ more competitive control designs for their own control strategies. These control strategies may be passive, active, semi-active or a combination thereof.
INTRODUCTION
The potentially detrimental effect of spatial variation of seismic ground motion on the responses of highway overcrossing or bridge has been recognized for some time. The condition of highway bridges in transportation infrastructure is a critical factor influencing national productivity and ability to compete in the international economy. Thus, a higher level of performance with less structural damage is required for seismic designs of these lifeline bridges. To deal with seismic risk to bridges, seismic upgrading of critical highways is under way by various state and federal agencies, and considerable attention has been paid to the research and development of smart protective structural control systems.
The technology for response control of structures against natural hazards, such as earthquakes and strong winds, has progressed from passive and active control systems to smart and effective semi-active systems with recent advances in microprocessor, sensor and actuator technologies (Housner et al. 1997; Spencer and Nagarajaiah 2003) .
A passive control system utilizing the local motion at a point where the control system is connected to the structure to produce control forces is well understood and widely accepted worldwide. However, passive systems are unable to adapt to changes in structural properties and stochastic nature of external excitations. In contrast to passive control systems, active control systems can adapt to a wide range operating conditions and structures, but their ability to input mechanical energy into the structural system results in significant increase in hardware costs and reliabilities issues, both because of uncertainty of external power supply and capability of these systems to destabilize structural systems in the presence of sensor/actuator malfunction. Semi-active control systems achieve a compromise between fully active and passive control systems by combining the reliability of passive systems and the adaptability of active systems without requiring the large external power sources, and they are inherently stable.
Hybrid control systems, in which passive control systems such as passive isolation bearings are used in combination with passive, semi-active or active control systems, have significant practical potentials for highway bridges because of their reliability and effectiveness. The seismic isolation bearings, which usually replace conventional bridge bearings, decouple the superstructure from piers and abutments during strong earthquakes, thereby significantly reducing the seismic forces induced in the bridge structure and lowering the strength and ductility demands on the bridge.
There have been several studies on the seismic design of bridges using different isolation systems. Turkington et al (1989) showed that the lead-rubber bearings are most effective when used in conjunction with stiff substructures and can be used to redistribute seismic forces between piers and abutments. Constantinou et al. (1992) and Kartoum et al. (1992) investigated the performance of sliding isolation systems.
Zayas e al (1996) studied the effectiveness of friction pendulum bearings. Dicleli The objectives of this paper are to present sample control designs using passive, active and semi-active control systems for the newly developed benchmark highway bridge model . The benchmark highway bridge model is based on the recently constructed 91/5 highway bridge in southern California to provide systematic and standardized means by which competing control strategies, including devices, control algorithms and sensors, can be evaluated. The benchmark package consists of the MATLAB based 3-D finite element model of the highway bridge, designs of sample control systems, prescribed ground motions and a set of evaluation criteria. This paper presents three sample control system designs, namely nonlinear viscous dampers, ideal hydraulic actuators and magnetorheological (MR) fluid dampers. A total of 16 devices are placed orthogonally between the deck and abutments for each sample control system design to reduce earthquake-induced vibrations of the highway bridge. An H 2 /LQG control algorithm is selected for the active control system and a clipped optimal control algorithm is chosen for the semi-active control system. In both the active and semi-active cases, the controller design is based on a reduced-order controller design model. In previous benchmark problems, reducedorder models obtained by static condensation have also been used as evaluation models to simulate the controller performance. The controller design model were obtained by further condensing reduced-order evaluation models using state reduction approaches, e.g., the balanced truncation method or state order reduction method (Spencer et al. http://www-ce.engr.ccny.cuny.edu/People/Anil%20Kumar%20Agrawal.htm.
REDUCED-ORDER CONTROLLER DESIGN MODEL
Since the evaluation model involves a large number of degrees of freedom and high-frequency dynamics, a reduced-order model of the system is developed for the design of active and semi-active controllers. The reduced-order model has the same output as the evaluation model, and is assumed to retain the dominant characteristics of the full-order evaluation system.
Both semi-active and active controllers are designed by the H 2 /LQG algorithm by assuming that the system remains linear since the initially elastic model of the benchmark highway bridge is used to derive a reduced-order controller design model.
However, some components of the highway bridge, e.g., the bearing and bent columns, will enter the nonlinear regions during a severe earthquake. To obtain a 
where z(t) is the state vector; n n× A is the system matrix; (1) can be written as (1) to (3) can be converted into canonical form as follows 
where matrices, E A , E B and E E in Eq. (1) are partitioned as follows:
Solving Equation (9) 
where Figure 1 shows a comparison between transfer functions of the accelerations at the midspan for the full-order and the reduced-order systems. It is observed that the dynamics of the full-order system are represented quite reasonably in the reduced-order system for all the dominated modes retained in Eq. (8).
SAMPLE PASSIVE CONTROL
In a passive system, the control force applied to the structure only depends on the local motion of the structure between two points the damper is connected. A nonlinear viscous damper is used as the sample passive control device. The damper is assumed to be ideal, i.e., effects of device dynamics and heating in the device are not considered. A block diagram of the sample passive control system is shown in Fig.   2 . The general form of a nonlinear viscous damper can be expressed as
where 
SAMPLE ACTIVE CONTROL
The active devices used in this study are modeled as ideal hydraulic actuators.
The ideal actuator is assumed to have the ability to instantaneously and precisely supply the force commanded by the control algorithm. For the control design, actuator dynamics are neglected and no actuator-structure interaction is considered although these will occur in the physical system .
A block diagram of the sample active system is shown in Fig. 3 . Sensors, controller and control device blocks are all required for an active control system.
Note that there are no connection inputs to the control devices because the actuator dynamics are neglected and the control device model does not require any direct input from the evaluation model.
Sensors
In the control of civil engineering structures, absolute acceleration measurements are readily available. Additionally, measurements of the displacement across control 
The sensor block is represented in the SIMULINK block shown in Fig. 5 . The gain block in Fig. 5 converts the continuous-time acceleration measurements from physical units to Volts. Finally, noise with an RMS value of 0.03 Volt, as is specified in the control constraints in the companion paper, is added to the acceleration and displacement signal.
Control Devices
In the active case, hydraulic actuators are placed between the deck and abutments at both ends of the bridge to control the benchmark highway bridge. The active control forces produced by the actuators can be modeled as
where d D is the gain of actuators, and d D =100 kN/V (i.e., 10Volts = 1000 kN). Fig. 6 shows the SIMULINK control device block. The actuator gain block converts the input voltages to physical forces. f K is the matrix that accounts for multiple actuators placed at the same device location and forces applied by control devices on the bridge.
Control devices for these sample control strategies are placed orthogonally between the deck-ends and both abutments of the bridge. There are total of 16 devices, 8 at each end of bridge, are employed to reduce the earthquake-indeuced vibrations of the benchmark highway bridge for each of the three sample control designs, as shown in Fig. 4 .
The sensors and devices locations used for the sample control design are for illustrative purpose only. Participants are encouraged to select their own number of control devices and locations of sensors, depending on control algorithm and device requirements.
Control Algorithm
In the active case, the H 2 /LQG control algorithm has been selected for the sample active control design. As described in previous section, a reduced-order control design model, which is developed using the initially elastic evaluation model, is employed for controller design. In this algorithm, the ground excitation is taken to be a stationary white noise, and an infinite horizon performance index is chosen that weights the regulated output vector, i.e.,
The weighting matrices Q and R, which are used to appropriately weight the regulated outputs and calculate the controller, are considered as follows 
SAMPLE SEMI-ACTIVE CONTROL
Semi-active devices have been shown to possess the advantages of active control devices without requiring the associated large power sources, and are inherently stable (Fujino, et al., 1996; . The semi-active control device used in this sample semi-active design is the MR fluid damper. A clipped-optimal control algorithm is implemented in this study because of its successful application in previous study (Dyke, et al., 1996 (Dyke, et al., , 1998 Yi et al., 2001) and an H 2 /LQG controller is used as a primary controller to calculate the desired control force. The block diagram of the sample semi-active control system is shown in Fig. 8 . The control devices and sensors are interfaced to the structural evaluation model though measurement and device connection outputs, designated y m and y c, respectively.
Sensor Model
In the semi-active sample control case, the number and location of accelerometers and displacement sensors employed are the same as those of the active sample control system design. Additionally, the clipped optimal control algorithm, described subsequently, requires measurement of each of the control forces applied to the structure. 
The corresponding sensor block is represented in the SIMULINK block shown in Fig.   9 . The sensor noises are included in all the measured responses. Typical force-velocity and force-displacement hysteretic loops for this device model are shown in Fig. 11 . Here, the device response is shown for various constant voltages applied to control the input to the MR damper, and a 1.0 Hz sinusoidal displacement with an amplitude of 5 cm. Fig. 12 shows the SIMULINK control device block of MR dampers. Note that in the semi-active sample control design, the device velocities are connected to the control devices to calculate the control force, as the device dynamics are considered in the controller design.
Control Device

Clipped Optimal Control Algorithm
The clipped optimal control algorithm is used to calculate required control input signal to the MR damper (Dyke, et al. 1996; Yi et al. 2001 ). In the clipped optimal controller, the desired control forces, c F are calculated based on the measured structural response vector and the measured control force vector
where {} ⋅ L is the Laplace transform operator, and ) ( K c s is the selected primary controller.
Because the force generated in the MR damper is dependent on the local responses of the structural system, the MR damper cannot always produce the desired optimal control force. Only the control voltage can be directly controlled to increase or decrease the force produced by the device. To induce the MR damper to generate approximately the corresponding desired optimal control force, the command signal is selected as follows. When the ith MR damper is providing the desired optimal force (i.e., ci i f f = ), the voltage applied to the damper should remain at the present level. If the magnitude of the force produced by the damper is smaller than that of the desired optimal force and the two forces have the same sign, the voltage applied to the current driver is increased to the maximum level so as to increase the force produced by the damper to match the desired control force. Otherwise, the commanded voltage is set to zero. This algorithm for selecting the command signal for the ith MR damper is graphically represented in Fig. 13 and can be stated as (Dyke et al., 1996) 
where max V is the voltage to the current driver associated with saturation of the MR effect in the physical device, and ) (⋅ H is the Heaviside step function.
EVALUATION OF SAMPLE CONTROL DESIGNS
The values of evaluation criteria for three sample control designs are reported in Tables 1 to 3 . The performance of each control system presented in Table 1 For the active and semi-active cases in Table 2 and 3, respectively, both the peak and normed evaluation criteria are smaller than 1 for all earthquake records. Hence, active and semi-active control systems are capable of reducing the highway bridge responses for a wide variety of earthquake records. The hydraulic actuators and MR dampers have the ability to adapt to different load conditions. In comparing the performance of the active and semi-active control, it is observed that the overall performance of the semi-active control system is generally similar or slightly superior to that of the active control system. As the clipped optimal algorithm only applies the maximum or zero voltage, larger forces may be produced by the semi-active control system when the structure is subject to moderate or small earthquakes compared to the active system. Notice that although larger control forces 20 are required for semi-active systems, they do not require significant power associated with the active control system.
It is interesting to note that the application of three sample control systems can result in the reduction of the ductility factor (i.e. peak (J 6 ) or normed (J 14 ))
significantly. Further, in all of the cases in which plastic connections form in the uncontrolled structure, dissipated energy of the curvatures at the end of bent columns and the number of plastic connections are greatly reduced when control devices are installed. Thus, damage in the bridge is significantly minimized.
The time history responses of the actively and semi-actively controlled bridge are compared to those of the uncontrolled bridge for the El Centro earthquake as shown in Fig. 14 . It can be seen that all three sample control systems achieve significant performance. The passive control system shows a slight improvement over the active and semi-active control systems in reducing the base shear force and the midspan displacement, while achieving a lower reduction in acceleration at the expense of much more control forces applied than the active and semi-active controllers. The semi-active control system achieves a performance very similar to that of the active control system except the required control force for semi-active system is higher.
CONCLUDING REMARKS
In this paper, design for three sample control systems, namely nonlinear viscous 
